ABSTRACT. Growth in populations of Ross's geese (Chen rossii) and lesser snow geese (C. caerulescens) has led to concerns about destructive grazing of Arctic ecosystems. We estimated the extent and composition of plant communities at Karrak Lake, Nunavut, where populations of both goose species have grown geometrically over the past three decades. Proportion of land covered by vegetation was lower in areas where geese had nested for more than 20 years than in areas with no previous nesting history. Vegetative cover also declined with increasing nest density of both species. Species richness and diversity of vegetation was higher in more recently colonized areas of nesting than in areas with over 20 years of goose nesting. Exposed mineral substrate, exposed peat, and Senecio congestus were more prevalent in areas with a 10-year or longer history of goose nesting than in areas with less than 10 years of nesting. These patterns confirm that increasing numbers of nesting Ross's geese and lesser snow geese have altered the spatial distribution of vegetation surrounding Karrak Lake and reduced the species richness of local plant communities.
INTRODUCTION
Intense grazing can lead to change in the structure and assemblage of plant communities. While moderate grazing may result in higher nitrogen availability and increased growth rate of individuals in early successional plant communities (Jefferies et al., 1994; Abraham and Jefferies, 1997) , intense grazing, together with poor environmental conditions, can degrade or destroy some plant communities (Arnalds, 1987; Jefferies, 1988; Srivastava and Jefferies, 1996) . Reduction or loss of food and habitat resources, in turn, may adversely affect other species (Milakovic and Jefferies, 2003; Rockwell et al., 2003) , as well as those responsible for the degradation (Cooch et al., 1991; Francis et al., 1992; Jefferies et al., 1994) .
Several North American goose populations have increased significantly over the past three decades (reviewed by Abraham and Jefferies, 1997) . In particular, the midcontinent population of lesser snow geese (Chen caerulescens; hereafter, snow geese) at known Arctic breeding colonies has grown from about 1.3 -1.9 million in 1969 (Kerbes, 1975; Boyd et al., 1982) to 4.5 -6 million in 1997 (Abraham and Jefferies, 1997) . The Ross's goose (Chen rossii) population has also grown substantially, from under 6000 in the 1930s to over 1 million in 1998 (Dzubin, 1965; Kelley et al., 2001) . Population growth of both Ross's geese and snow geese (collectively referred to as "light geese") has been attributed to increased agricultural production in the southern United States, an increased number of refugia, and a decline in hunting pressure (Ankney, 1996; Abraham and Jefferies, 1997; .
Increasing numbers of light geese now stage, nest, and brood their young in Arctic and Subarctic regions, resulting in adverse effects on plant communities (Kerbes et al., 1990; Abraham and Jefferies, 1997; Handa et al., 2002) . Such negative impacts have been documented primarily in Subarctic coastal marshes of James Bay and southern and western Hudson Bay. In addition to the birds that breed locally, these marshes support migrating geese that stage there and feed intensively while en route to more northerly breeding colonies. Intense grazing of shoots, shoot-pulling, grubbing of roots and rhizomes, nest building, and trampling, coupled with a short growing season, have led to irreversible loss of vegetation, increased soil salinity, erosion, and desertification (Srivastava and Jefferies, 1996; Abraham and Jefferies, 1997; Jefferies and Rockwell, 2002) .
Most studies of the impact of light goose populations on Arctic habitats have been conducted on the west coast of Hudson Bay (Abraham and Jefferies, 1997; Jefferies et al., 2003) , with little research at other Arctic locations (but see Giroux et al., 1998 , for greater snow geese (C. c. atlantica) and Samelius et al., in press , for lesser snow geese). To determine whether such impacts are prevalent throughout the breeding range of light geese, studies over a much wider area are needed. Our objective was to estimate change in plant communities at a large nesting colony of Ross's geese and snow geese in the central Canadian Arctic. Specifically, we examined spatial variability in plant community assemblages, species richness, and indicators of damaged habitat, such as exposed peat and mineral substrate. We predicted that geese had greatly influenced the structure and assemblage of plant communities in older, more central parts of the colony, resulting in loss of plant species and expansion of degraded habitats compared to the more recently colonized periphery and areas outside of the colony.
STUDY AREA
Karrak Lake, Nunavut (67˚14' N, 100˚15' W), located about 60 km south of Queen Maud Gulf, in the Queen Maud Gulf Bird Sanctuary (QMGBS), is one of the largest known nesting colonies of Ross's geese and snow geese . The combined light goose population grew from 17 000 geese in 1965 to about 640 000 in 1998 (Ryder, 1969; Alisauskas et al., 1998b) . Correspondingly, the terrestrial area colonized by nesting light geese increased dramatically during the same period, from only a few islands on Karrak Lake to an area encompassing about 140 km 2 of island and contiguous mainland habitats (Ryder, 1969; Alisauskas et al., 1998b) . In the late 1960s, Ryder (1972) classified habitat at Karrak Lake as marsh tundra (hereafter, wet tussock tundra), dry tundra, and heath tundra. Nomenclature follows Porsild and Cody (1980) . (1 Ryder (1972) , Betula glandulosa is also prominent in heath tundra.
METHODS
We constructed a map of history of goose nesting in the colony (Fig. 1a) , using the perimeters of the colony for 1966 , 1976 , 1982 , and 1988 from Kerbes (1994 and the boundaries based on our helicopter surveys in 1993 -99, which we drew onto 1:250 000 topographic maps each year. Areas where vegetation was surveyed were classified by the number of decades before 1999 that geese had nested in those areas: 0 = no known nesting in the last 33 years, 1 = nesting for 1 to 10 years, 2 = nesting for 11 to 20 years, and 3 = nesting for more than 20 years. We cannot state definitively that nesting was continuous for all areas, particularly from 1966 to 1993, when the colony was not measured annually. However, given that colony boundaries did not regress from 1993 to 1999, we suggest that there was little error in classifying areas by duration of nesting goose occupancy.
During 1999, 176 plots (30 m radius) were sampled throughout the colony (Fig. 1a) . Plots were located at corners and centers of a 1 km 2 Universal Transverse Mercator (Zone 13) grid within a sampling frame determined by the colony boundary. Plot locations were determined using global positioning system (GPS) units or 1:50 000 topographic maps, or both. From 5 to 29 June, we measured the length and width (± 0.1 mm) of eggs in all goose nests in each plot, and from these data determined the species of geese, following Alisauskas et al. (1998a) . Vegetation sampling was conducted from 6 to 28 July, after eggs had hatched. Extending a measuring tape 30 m in each of the four cardinal directions from the center of each plot, we recorded the presence of substrate class or plant species (grasses, sedges, lichens, and mosses were not identified to species) at every meter, at the point where the increment marker on the tape met the substrate (Appendix A). Thus, there were 120 observations per plot.
Additional vegetation sampling was done in late July outside the colony boundary, beginning at the perimeter of the colony and extending north in two 15 km transects spaced 1 km apart. Except at locations that fell in open water, we sampled 30 m plots at every kilometer along each transect (n = 25) and conducted vegetation sampling as above.
Statistical Analyses
Data on habitat composition (Appendix A) were converted to proportions for each sample plot. We assumed that exposed bedrock, boulders, cobble, gravel, and pebble were devoid of vegetation previous to occupancy by nesting geese and collectively referred to these as "proportion rock." "Proportion substrate" was the sum of all vegetation types, sand, soil, clay, and exposed peat (i.e., exclusive of rock and water). "Proportion exposed substrate" was the sum of sand, soil, and clay proportions divided by "proportion substrate." "Proportion exposed substrate" and proportions of vegetation species or types and exposed peat were divided by "proportion substrate" to represent these as a fraction of potential occupancy by vegetation. "Proportion vegetation" was the sum of proportions of all vegetation types. Proportions of the family Ericaceae, heath vegetation, including Ledum decumbens, Cassiope tetragona, Vaccinium vitis-idaea, V. uliginosum, Andromeda polifolia, and Arctostaphylos alpina, were grouped for some calculations.
Simpson's (1949) Diversity Index was calculated for each sample plot:
where p = proportion of vegetation type i for k vegetation types. Species richness of vegetation, grouped as in Appendix A, was also calculated for each plot. We calculated "proportion damaged" by summing occurrences of exposed substrate, exposed peat, and Senecio congestus (known as ragwort or mastodon flower), a coarse, weedy species often found in damaged or disturbed areas (Porsild and Cody, 1980; Kerbes et al., 1990) . Data were imported into a SPANS GIS (PCI Geomatics, 1999) study area, using an Albers equal area projection, and were used to overlay vegetation characteristics of the colony onto geocorrected satellite imagery (LANDSAT imagery 1989) of the area that showed the interface between terrestrial habitat (including fens and marshes) and open water (i.e., lakes). Contour maps of vegetation proportions (Fig. 1) were constructed from point data using the SPANS potential mapping program POTMAP. This method of spatial interpolation uses a sampling circle, within which weighted moving averages can be calculated. Interpolated values are a function of vegetation proportions and the properties of the sampling circle, which include the sampling radius (inner radius 1 km, outer radius 2 km), a distance-dependent weighting function (0.5) applied to the outer radius, the number of nearest neighbours (15), and the classification scheme as shown in each legend of Fig. 1 .
We used general linear modeling (PROC GLM, SAS Institute, 1996) to compare vegetation proportions, diversity, species richness, and damage among the four classifications of goose occupancy; for each comparison, model df = 3 and error df = 175. We estimated means ± 95% confidence limits for each proportion of vegetation or habitat classification in each stratum of nesting history. We also performed correlation analyses (PROC CORR, SAS Institute, 1996) between various vegetation types or habitat classifications and nest densities of Ross's geese, snow geese, and both species on 148 sample plots.
RESULTS

Vegetation Use
Proportion of total vegetation declined with increasing duration of nesting by geese (F = 16.59, P < 0.001, r 2 = 0.22, Fig. 2a ) and was about twice as high in areas with no history of goose nesting (95% C.L. = 0.91 ± 0.015) as in areas with more than 20 years of occupancy (0.44 ± 0.073). Figure 1b illustrates the reduction in mean proportion of vegetation toward the center, and oldest section, of the colony. Nest densities of both snow geese (r = -0.24, P = 0.004) and Ross's geese (r = -0.38, P < 0.001) were negatively correlated with proportion of total vegetation (Table 1) . Proportion of grass was highest where goose nesting had not been documented (0.24 ± 0.036), intermediate in areas with 1 -10 years of occupancy (0.12 ± 0.016), and lowest in areas with 11 -20 years (0.022 ± 0.014) and more than 20 years (0.078 ± 0.055, F = 9.70, P < 0.001, r 2 = 0.14) of occupancy, although it was highly variable in the oldest regions of the colony (Fig. 2b) . Proportion of grass was also negatively correlated with nesting density of snow geese (r = -0.29, P < 0.001) and Ross's geese (r = -0.42, P < 0.001) ( Table 1) . Proportion of lichen was highest in areas with no goose nesting (0.21 ± 0.028) and declined with colony age to 0.013 ± 0.0031 in the oldest portion of the colony (F = 3.23, P = 0.024, r 2 = 0.05, Fig. 2c ). Density of Ross's goose nests was negatively correlated (r = -0.32, P < 0.001) with proportion of lichen, but density of snow goose nests was not (Table 1) . Proportion of heather (Cassiope tetragona) was
lowest in the oldest parts of the colony (0.0039 ± 0.0026), and the relevant 95% confidence limits did not overlap those of newer parts of the colony (F = 1.92, P = 0.13, r 2 = 0.03, Fig. 2d ). Density of Ross's goose nests was negatively correlated with Cassiope tetragona (r = -0.22, P = 0.008), although no correlation existed for snow geese (Table 1) . Proportion of moss was highest in the oldest parts of the colony (0.31 ± 0.081) and lowest in areas where geese had not nested (0.19 ± 0.02, F = 3.93, P = 0.01, r 2 = 0.06, Fig. 1e ). Density of Ross's goose nests was positively correlated (r = 0.38, P < 0.001) with moss, whereas snow goose nest density and moss were negatively correlated (r = -0.18, P = 0.030, Table 1 ).
Species Diversity and Richness
The oldest areas of the colony (11 -20 and > 20 years of occupation) had the lowest and most variable estimates of vegetation diversity (0.82 ± 0.037 and 0.86 ± 0.054, respectively) compared to areas where nesting by geese had not been documented (0.95 ± 0.010, F = 4.22, P = 0.007, r 2 = 0.07, Figs. 1c and 2f) . Similarly, species richness was highest in areas devoid of goose nesting, which contained an average of seven (i.e., 50%) more species than were found in the oldest areas of the colony (F = 8.42, P < 0.001, r 2 = 0.13, Figs. 1d and 3a) . Figure 1d shows low richness in the center of the study area and at its northeastern edge.
Damaged Habitat
Proportion of damaged habitat (sum of exposed substrate, exposed peat, and Senecio congestus) was greatest (0.386 ± 0.051) in the oldest parts of the colony and declined to 0.085 ± 0.015 in unoccupied areas (F = 16.64, P < 0.001, r 2 = 0.23, Figs. 1e and 3b) . The 95% confidence limits for damaged habitat in areas with no nesting and 1 -10 years of nesting did not overlap those for areas with 11 -20 and positively correlated with proportion of damaged habitat (Table 1) . Proportion of exposed substrate was highest (0.14 ± 0.24) in the centre of the colony, where geese had nested the longest, compared to regions where geese had not nested (0.014 ± 0.0038, F = 24.07, P < 0.001, r 2 = 0.30, Figs. 1f and 3c ). Snow goose nest density was positively correlated (r = 0.47, P < 0.001) with exposed substrate, whereas Ross's goose nest density was not (Table 1) . Proportion of exposed peat was highest and most variable (0.10 ± 0.030) in areas occupied by nesting geese for more than 20 years. It was lowest and least variable (0.068 ± 0.015), but still present, where geese were not known to have nested (F = 3.17, P = 0.026, r 2 = 0.05, Figs. 1g and  3d ). Nest density of Ross's geese was positively correlated (r = 0.31, P < 0.001) with exposed peat, but no correlation existed for snow geese (Table 1) . Large tracts of exposed peat occurred along the western side of Karrak Lake and in a band north of the colony perimeter (Fig. 1g) . The 1989 LANDSAT image (Fig. 4) illustrates the extent of exposed peat within the colony. Proportion of heath vegetation did not differ significantly between areas with differing durations of occupancy (F = 3.30, P = 0.022, r 2 = 0.05, 20+ years of occupancy, indicating that most damage occurred in areas occupied by nesting geese for 10 years or more (Fig. 3b) . Nest densities of both Ross's geese (r = 0.25, P = 0.002) and snow geese (r = 0.32, P < 0.001) were (Table 1) . Finally, proportion of ragwort (Senecio congestus), an indicator of disturbance, also was highest and most variable in the oldest parts of the colony (0.047 ± 0.014) and lowest and least variable in areas with no occupancy or only recent occupancy by geese (0.0014 ± 0.0081, F = 6.25, P = 0.001, r 2 = 0.10, Figs. 1h and 3f ). Proportion of Senecio congestus was not correlated with nest density of either snow geese or Ross's geese (Table 1) .
DISCUSSION
Vegetation communities at some snow goose and Ross's goose colonies on the western coast of Hudson Bay have been severely degraded or destroyed, with desertification resulting from the cumulative effects of foraging and nest-building by geese (Kerbes et al., 1990; Srivastava and Jefferies, 1996; Kotanen and Jefferies, 1997; Handa et al., 2002) . Although the west Hudson Bay studies were conducted in coastal vegetation communities, inland tundra communities at Karrak Lake show similar effects of degradation. We argue that changes in plant communities at Karrak Lake were the direct result of nest building and feeding by breeding geese, cumulatively resulting in altered plant communities. Proportion of vegetative cover and species diversity and richness were lowest in areas with the longest history of goose nesting. We detected differences in plant community structure as well, with decreases in proportions of Cassiope tetragona, grasses and sedges, and lichens in areas with longer occupancy by geese. Proportions of damaged habitats (exposed peat and mineral substrate), moss, and the ruderal species Senecio congestus increased with goose occupancy. Although it is not known how long the colony had existed before its discovery in 1965 (Ryder, 1969) , observations by J.P. Ryder (pers. comm. 1999) in 1993 confirmed that large-scale, visible changes in abundance of vegetation and community composition had occurred since the late 1960s. As the colony expanded north and westward, changes in habitat were FIG. 5 . Photographs showing differences in vegetation at the Ross's and lesser snow goose colony at Karrak Lake, Nunavut, in wet tussock tundra habitat (A) in 1992, when no geese were nesting at that location, and (B) in 2003, after eight years of goose occupation. The arrow in Figure 1h points to the location and direction of view (NNE) of these photographs.
FIG. 4. Exposed substrate and peat habitats classified from LANDSAT imagery of the area surrounding Karrak Lake, Nunavut, in 1989. Note that exposed substrate along banks of Simpson River northeast of Karrak Lake is due to a geomorphic process of solifluction (and not to grazing by geese, as at Karrak Lake). Note also the greater prevalence of exposed peat within the boundaries of the goose colony, shown here for 1988 (inner black line) and 1999 (outer black line). evident after only a few years of goose occupancy (Figs. 5a,  b) . Specifically, these photographs illustrate loss of vegetation, particularly of grasses and sedges, and the breakup and decomposition of tussocks described by Kotanen and Jefferies (1997) . These photographs are important because, although our statistical inferences about the effect of goose nesting on vegetation were based on correlation, the photographs verify the change in vegetation at a location where goose nesting had encroached in the time between the first and second images.
Foraging
At Karrak Lake, vegetation is removed primarily through foraging and nest-building by breeding geese. The large, robust bill of the snow goose is adapted for excavating roots and rhizomes, particularly those of graminoids (Ryder and Alisauskas, 1995; Alisauskas, 1998b) , whereas the relatively small bill of Ross's goose is adapted for grazing on leaves and shoots. Ross's geese grub as well (Didiuk et al., 2001) , and grubbing and shoot pulling by both species are effective springtime techniques for obtaining nutrientrich belowground biomass (Abraham and Jefferies, 1997; Carrière et al., 1999) . In addition, the shorter bills of Ross's geese may enable grazing of shorter or closely cropped vegetation, further reducing aboveground biomass in already exploited habitats and likely impeding recovery of vegetation (Didiuk et al., 2001 ).
Unlike some species, which feed for two weeks or more after arrival on nesting grounds before they begin to nest (Gauthier and Tardif, 1991; Carrière et al., 1999 ), Ross's geese and snow geese normally initiate nesting within a few days of arrival (Gloutney et al., 1999) . Thus they rely largely on endogenous nutrient reserves for egg formation and energy during incubation (Ankney and MacInnes, 1978; Bon, 1997; Alisauskas, 1998a) . Although geese forage intensively during nesting at Karrak Lake, they don't manage to ingest much food (Ryder and Alisauskas, 1995; Gloutney et al., 2001) , probably because past foraging has severely reduced available vegetation. Still, feeding is concentrated around the nest site (McLandress, 1983) and occurs over a four-week period during egg laying and incubation. We suggest that the negative correlation between proportion of grass and nest density of both species is due to the cumulative effects of decades of foraging during nesting, which have resulted in largescale reduction in abundance of grasses.
Additional pressure on vegetation occurs when nonbreeding geese forage in the colony until they disperse at the onset of incubation (Ryder and Alisauskas, 1995) . In contrast to colonies of west Hudson Bay, Karrak Lake experiences little impact on vegetation from staging birds, as very few light geese travel to more northerly nesting areas (Didiuk et al., 2001) . Nonetheless, habitat damage was also evident outside the nesting colony. Exposed peat was visible on 1989 LANDSAT imagery (Fig. 4) , and we detected a band of exposed peat north of the colony boundary during vegetation surveys (Fig. 1g) . Habitat damage outside the nesting colony may be attributable to cumulative, multi-year effects of foraging by both nonbreeding and brood-rearing geese. During nesting, groups of non-breeding birds are often observed immediately outside the colony, and following hatch, broods forage intensively as they disperse northward from the colony to feeding grounds near the coast of Queen Maud Gulf (Slattery, 2000) . Additionally, some patches of exposed peat may occur naturally, particularly at drier sites.
Nest Building
As vegetation is a primary component of goose nests (McCracken et al., 1997) , nest building has likely contributed substantially to habitat degradation at Karrak Lake. Snow geese, which arrive three to four days before Ross's geese, generally occupy elevated habitats of dry tundra, the first habitats exposed by melting snow and available for nesting, whereas Ross's geese usually occupy lowerlying, wet tussock tundra habitats (Ryder and Alisauskas, 1995; . Density of snow goose nests was also positively correlated with proportion of rock and heath vegetation (typical of xeric upland habitats) and density of Ross's goose nests, with proportion of moss (typical of low-lying, more mesic habitats).
Female geese use their feet and bills to strip and grub vegetation from around nest sites for use as nesting material. In addition to the expected decline of forage species (grasses and sedges), we also detected a decline in unpalatable species (lichens, Cassiope tetragona) in older parts of the colony. Decline of lichens and woody plants may occur because they become sensitive to disturbance as forage species are removed (Abraham and Jefferies, 1997) , but for ericaceous species, the most likely reason is uprooting by geese for use in nest construction (McCracken et al., 1997) . In wet tussock habitats, where mosses are overlain by vascular plants, removal of plant biomass results in the drying, oxidation, and erosion of the underlying moss . On upland habitats, where vegetative biomass is naturally less, the impact of vegetation removal was less evident. Correspondingly, McCracken et al. (1997) found that the size of goose nests was correlated with vegetative biomass in a given habitat: nests in moss habitats were larger than those in rock habitats. Ross's geese generally nest in wet tussock tundra, where vegetative biomass is greater, so they may have played a proportionately greater role than did snow geese in the alteration and destruction of plant communities in such habitats.
Habitat Damage, Species Diversity and Richness
Cumulative effects of foraging, as well as nest-building and maintenance, by light geese have resulted in damaged habitats and lower species diversity and richness in older areas of the colony at Karrak Lake. Removal of insulating vegetation and debris from dead vegetation causes rates of evaporation to increase, particularly in wet tussock tundra habitats. Many vascular plants cannot survive such conditions (Kerbes et al., 1990; Abraham and Jefferies, 1997) , and their demise leaves large tracts of exposed peat, as evident from LANDSAT imagery for 1989. Further, driedout peat may erode during spring runoff (Kerbes et al., 1990) . Abraham and Jefferies (1997) suggested that grazing of a salt marsh community inhibits succession by impeding the development of dicotyledonous plants, and low species diversity is therefore an indicator of intense goose foraging on some graminoid communities. Although succession of plant communities at Karrak Lake may not be affected, low species diversity may still indicate intense habitat use simply because many species are consumed or uprooted for nest material. Particularly in older areas of the colony, we detected increasing homogeneity through greater proportions of exposed peat and mineral substrate, Senecio congestus, and moss, and the reduction or loss of other species. We did, however, find a slight but nonsignificant increase in diversity in areas with a nesting history of more than 20 years. Initially, vegetation in disturbed areas consists of ruderal species such as Senecio congestus and the mosses Drepanocladus uncinatus and Aulacomnium spp. (Kerbes et al., 1990; Abraham and Jefferies, 1997) as well as late successional plants, and as the proportion of ruderal species approaches that of other species, the community becomes more "even" and diversity is inflated. Apparently increased diversity in areas with goose occupancy for over 20 years may have been due partially to establishment of Senecio congestus; high variability in the mean estimate of diversity in such areas may also have resulted from a relatively low sample size compared to those areas with shorter nesting histories.
Moss carpets of Drepanocladus uncinatus and Aulacomnium spp. found in damaged habitats on west Hudson Bay are not eaten by geese and are thought to impede growth of sedges (Abraham and Jefferies, 1997) . Similarly, Ryder (1972) observed blankets of Aulacomnium spp. on islands used by nesting geese at Karrak Lake in the 1960s. We observed moss carpets in damaged areas of the colony, but we did not distinguish among moss species in our surveys. If we had distinguished between moss carpets that result from intense goose use and intact moss communities, we might have been able to demonstrate further the decreased species diversity and higher estimates of damaged habitat in older regions of the colony.
We suggest that plant communities within the goose colony at Karrak Lake have been altered and damaged by breeding Ross's geese and snow geese, and with the northward and westward expansion of the colony (Fig. 1a) , we predict a continued increase of intensely damaged habitat (Fig. 5) . Short growing seasons in the Arctic, further shortened by stochastic climatic events, may cause the cumulative, multi-year effects of vegetation removal by geese to persist for decades, or may render such impacts effectively irreversible (Handa et al., 2002) . In either case, the study and estimation of impacts by historically unprecedented populations of Arctic-nesting geese on apparently fragile communities of Arctic vegetation needs to be continued. Smaller, newly pioneered colonies of light geese should be studied for better understanding of the dynamics of Arctic plant communities and increasing numbers of light geese. 
